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We report depolarization of extragalactic sources in the NRAO VLA Sky Sur- 
vey (NVSS) by local structures in the interstellar medium. The sky density of 
polarized sources drops by a factor 2 - 4 in regions with angular scales ~ 10°, im- 
plying up to 40% depolarization on average per source. Some of these polarization 
shadows are associated with H ll regions, but three are associated with regions of 
Q ! depolarized diffuse Galactic emission. The absence of a correlation between the 

depth of polarization shadows and Ha intensity suggests that some shadows are 
ci '. related to structure in the magnetic field. At least some polarization shadows 

are caused by partial bandwidth depolarization in the NVSS. Alternatively, some 
may be caused by regions with small scale (< 1") variations in rotation measure. 



Subject headings: ISM: magnetic fields — ISM: structure 



in 
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, 1. Introduction 

o 

Observations of polarized radio emission provide a way to study magnetic fields in 
^ ■ galaxies. The observed plane of polarization of optically thin, linearly polarized synchrotron 
• emission is perpendicular to the direction of the magnetic field projected on the sky, unless 
Faraday rotation changes the plane of polarization as the radiation travels through a plasma 
with a magnetic field component along the line of sight. The plane of polarization of emission 
with wavelength A (m) rotates by an angle A9 (rad), according to 

pobserver 

Ae = O.SIA^ / n^Biidl = X'^RM (1) 

J source 

with electron density (cm~^), line of sight component of the magnetic field B\\ (/iG), and 
line of sight distance element dl (pc). The rotation measure RM (rad m~^) is a property of 
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the medium along the hne of sight from the source to the observer. Rotation measures can 
be derived from multi-frequency observations of polarized emission, fitting as a function 
of A^. Rotation measures of compact polarized sources have been used to constrain models 



Han et al. 


(1999 


); 


Brown et al. 


(2003) 



Observations of diffuse polarized Galactic emission have revealed structures in the 
magneto-ionic medium that remain undetected in total intensity, because an ionized re- 
gion can have negligi ble emission measure, yet still produce measurable Faraday rotation 
(jUyaniker et al.ll2003l ). However, interpretation of structures in diffuse polarized emission is 
difficult, as both polarized emission and Faraday rotation may occur intermixed anywhere 
along the line of sight. 



Gaensler et al.l (120051 ) and iHaverkorru (120061 ) reported depolarization of extragalactic 



sources by regions of high emiss ion measure in the LMC and the Southern Galactic Plane 
Survey (IHaverkorn et al.l l2006bl ) respectively. In this Letter, we report detection of depo- 
larization of extragalactic sources on much larger angular scales by the local magneto-ionic 
medium. 



2. Polarization shadows 



^The main dataset for our analysis is the NRAO VLA Sky Survey (NVSS) (ICondon et al. 

19981 ). a single- frequency 1.4 GHz continuum survey of the sky north of declination —40° 



with the VLA in D configuration (45" angular resolution). The NVSS bandwidth is the 
sum of two 42 MHz wide bands, but separated by 70 MHz in frequency. The principal data 
products are images in Stokes I, Q, and U, and a source catalog of 2-dimensional Gaussians 
fitted to compact structures in these images. The mean noise level of the NVSS in Q and U 
is 0.29 mJy beam~^. 

Figure [T] shows images of the number density Spo; (sources per square degree) of NVSS 
sources with polarized intensity p > 1 m Jy beam~^, smo othed to a resolution of 2°, Ha 
i ntensity composed b v iFinkbeinerl (120031) from the VTS S (IDennison et al.lll998l ). SHASSA 
( iGaustad et al.l 1200 ll ). and WHAM (IHaffner et al.ll2003l ) surve ys, and diffuse polariz ed in- 



tensity at 1.4 GHz from the DRAG 26-m polarization survey (IWoUeben et al. 



20061 ). The 



number density of polarized sources shows distinct depressions (dark areas) on angular scales 
~ 10°, some of which coincide with enhanced Ha emission. Most conspicuous is a ring cen- 
tered on (Z, b) = (—106°, -|-4°) that coincides with an Ha shell associated with the Gum 
nebula. We refer to these structures as polarization shadows. 



For the most significant features in Figured^, Tabled] lists Galactic coordinates, angular 
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diameter, minimum source density Tjpoi^min, Ha intensity averaged over a 2 degree box at the 
minimum of Spoi, identification with known Hll regions, and distance. These features have 
values of T,poi a factor 2-4 smaller than the mean background of 6.6 sources deg~^. The rms 
noise level a in Figured^ caused by statistical fluctuations in Spo/, is 1.3 sources deg~^. The 
contour in Figure [1^ at half the background source density is therefore 2.5a below the mean 
value of Spoi- Tabled] is complete for features with T,poi,min < 2.7 deg~^. A comprehensive 
analysis of smaller structures will be deferred to a following paper. 

The association of several polarization shadows with nearby H ll regions is the strongest 
indic ation that these shadows are real. H ll r egions are also known to depolarize diffuse emis- 
sion (iGray et al.lll999l : iGaensler et al.ll200ll ). We inspected NVSS images, and also verified 
that the structures were robust against variation of the threshold in p. The polarization 
shadows have no counterpart in the all-sky images of total NVSS source density, or NVSS 
noise amplitude. The structures are also visible in an image of mean fractional polarization, 
demonstrating that the mean fractional polarization is lower in these regions. Some apparent 
excesses in Upoi are seen near bright radio emission in the Galactic plane. These excesses, 
seen in white in Figure [1^, are the result of confusion from small-scale structure in Galactic 
emission, and residual sidelobes around bright emission. We exclude these regions from our 
analysis. 

The NVSS contains small areas (typically < 1° across) with missing polarization data. 
Most of these areas exist along lines of constant right ascension in the declination range 
—10° to +25°, which intersects the Galactic equator at / ~ +40°. We have verified that the 
features in Table [1] are not the result of holes in the sky coverage of the NVSS. We have 
identified these holes and their effect on T,poi is almost always lost in the noise. 

Three extended polarization shadows listed in Tabled] are found in regions where I^a ^ 
10 R. Despite the low Ha intensity, these shadows are among the deepest in Epo; ^m- These 
shadow s coincide with minira a in diffuse polarized emission in the DRAO 26-m polarization 
survey (jWoUeben et al.l |2006| ) shown in Figure One of these is shown in Figure [2] The 
features seen in the D RAO survey also exist in the Effelsberg medium latitude survey by 
Uyaniker et al.l (119991 ). This polarization shadow coincides with an edge in diffuse polarized 
emission. A diffuse polarized intensity filament coincides with a higher polarized source 
density between the two strongest shadows. Large changes in polarization angle are also 
seen associated with the depressions in T,poi. 

Th e polarization shad o w in Figure M overlaps in part with the Canadian Galactic Plane 
Survey ( Taylor et al.lboosi ). lUyaniker et al. (2003) note a diagonal band of low diffuse polar- 
ized intensity extending from {l,b) = (87?6, +4?5) to (/,6) = (94?0, — 2?0), the approximate 
course of the polarization shadow. A triangular region of depolarization noted by these au- 
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thors at 84?5 < / < 89?5, b = —3° coincides with the deeper part of this shadow. Rotation 
measures of polarized s ources in this region are ~ —350 rad m~^, with large variations on the 
scale of a few degrees ( iBrown et al.ll2003l ). Unpublished rotation measure data with more 
complete longitude coverage confirm a negative excess in rotation measure in the longitude 
range 84° < / < 90° (Jo-Anne Brown, private communication) that appears to be associated 
with this polarization shadow. 



3. Discussion 



Polarization shadows in Figure [T] indicate depolarization of the background sources, 
leaving fewer sources with polarized intensity above the threshold of 1 mJy. The mean 
amount of depolarization can be estimated using the fact that the differential polarized 
source counts for unresolv ed extragalactic sources vary approxim ately as dN/ dp ~ p~2.5 



1 < p < 10 mJy beam ^ (ITucci et al.l l2004l : iTaylor et al. 



20071 ). If Epo; is a fraction of 



the background value, the polarized intensity per source must on average be decreased by a 
factor fp = fj.-^. The value /s ~ 0.5 - 0.25, typical for the shadows we detect, corresponds to 
fp ~ 0.76 - 0.57. The polarized intensity of extragalactic sources in these regions is therefore 
decreased by up to 40%. The large angular size of the polarization shadows suggests that 
these structures are relatively nearby. 

Extragalactic sources may be depolarized if \RM\ is high enough to produce differen- 
tial Faraday rotation over the frequency band (bandwidth depolarization), or if significant 
RM fluctuations exist over the solid angle of the source (beam depolarization). Complete 
ba ndwidth depolarizati on for NVSS sources requires \RM\ ~ 340 rad m~^, but Figure 23 



m iCondon et al.l (119981 ) shows that values of fp ~ 0.76 - 0.57 require \RM\ ~ 150 - 200 
rad m~^. Most polarization shadows are poorly covered by published rotation measures, but 
shadows near I = 90° that overlap with the CGPS, coincide with areas where RM ~ —350 
rad m~^, enough to cause bandwidth depolarization in the NVSS. The pol arization shadow 
associ ated with the Gum nebula comes from a shell seen in Ha emission. IVallee fc Bignell 
(119831 ) detected this shell through individual rotation measures ~ 200 rad m~^, consistent 
with partial bandwidth depolarization of NVSS sources by the shell. 

If the depolarization in the NVSS is bandwidth depolarization. Figure [1] shows regions 
of high RM up to Galactic latitude ±20°, with the contour corresponding to \RM\ ^ 150 
rad m~^. This RM amplitude map does not depend on sparsely sampled rotation measures 
to individual sources, but it provides complete sampling of the sky north of declination —40°, 
outside the Galactic plane. We found no evidence for large-scale structure in an image of Spoz 
convolved to a resolution of 5°, providing an upper limit fp > 0.94, or \RM\ < 70 rad m~^ for 
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an extended component outside the Galactic plane. This upper limit is in general agreement 
with all -sky RM iniages constructed by interpolation of rotation measures of extragalactic 
sources ( iFrick et al.ll200ll : iJohnston-HoUitt et al.ll2004j : iDineen fc Colesll2005l ) , although these 
images do not show structure on angular scales < 20°, because of the limited sky density of 
pubhshed rotation measures. 

Most polarization shadows appear around / ~ ±90° where the line of sight is approxi- 
mately along the local Galactic magnetic field. Larger values of \RM\ are expected here, that 
can increase the amount of bandwidth depolarization, but other depolarization mechanisms 
may also be enhanced. 

Beam depolari zation of extragalacti c so urces implie s RM fluctuations over the solid 
angle of the source. iGaensler et al.l (120051 ) and iHaverkorij (120061 ) report beam depolarization 
of extragalactic sources behind the LMC and in the SGPS. Beam depolarization is also a 
possible mechanism for at least some of the polarization shadows observed here. Polarized 
sources fainter than 100 mJy in total intensity provide most of the signal in Figured^. Beam 
depolarization of these sources w ould require RM fluctuations on angular scales less than 
their median angular size of 1" ( IWindhorstI l2003l ). The present data do not allow us to 
identify shadows with low \RM\ where bandwidth depolarization can be excluded. More 
rotation measures of background sources in polarization shadows are needed to resolve this 
question. If beam depolarization is significant for compact sources, it must also be significant 
for diffuse emission. Polarization shadows caused by beam depolarization should therefore 
provide valuable information for the interpretation of diffuse polarized Galactic emission. 

While some deep extended polarization shadows are located in regions with low Ha 
intensity. Table [1] also lists shadows associated with H ll regions where the Ha emission is a 
factor ~ 10 brighter. Inspection of Figure [T] shows that some bright Ha emission does not 
give rise to a polarization shadow, e.g. the Hll region NGC 1499 at (/,6) = (160°,— 13°), 
and the Orion region at (/,6) ~ (—150°, —15°). Some bright Ha emission from the Gum 
nebula at negative latitudes also does not give rise to a polarization shadow. 

In the absence of extinction. Ha intensity in R is related to emission measure EM in 
cm~^ pc following 



I- Ha 



2.25 



observer 



nidi = 2.25EM 



(2) 



( iHaffner et al.l l2003l ) for gas at a temperature of 8000 K. Regardless of the depolarization 
mechanism, RM structure caused exclusively by variations in electron density, would imply 
a correlation between emission measure and the depth of polarization shadows. The lack of 
correlation between T^poi^min and lua in Table [T|, and the observation that some high EM 
objects do not give rise to polarization shadows, suggests that structure in the magnetic 
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field is important in the formation of some or all polarization shadows. If all polarization 
shadows were caused by bandwidth depolarization in the NVSS, the shadows may be regions 
in the interstellar medium where the magnetic field is more regular and aligned with the 
large-scale magnetic field than elsewhere. If all polarization shadows were caused by beam 
depolarization, they would represent a more random magnetic field than elsewhere. Both 
beam depolarization and bandwidth depolarization may occur, but in either case polarization 
shadows suggest a different magnetic structure from their surroundings. 

The size and \RM\ of the polarization shadows are of the same order of magnitude as the 
outer outer scale (4° — 5°) and standard devia tion (263 =b 32 ra d m~^) of RM fluctuations 



in interarm regions in the SGPS reported by iHaverkorn et al.l (l2006al ). The polarization 
shadows may be nearby examples of structures corresponding to this outer scale of RM 
fluctuations. 



4. Conclusions 



We demonstrate that nearby structures in the magneto-ionic medium create polarization 
shadows observed as depressions in the sky density of polarized sources in the NVSS. Some 
polarization shadows are associated with H ll regions, but other shadows are related to 
depolarized areas in diffuse Galactic radio emission. Partial bandwidth depolarization in the 
NVSS is responsible for at least some polarization shadows, suggesting that these shadows 
are local regions of high |i?M|. Such regions may affect estimates of the scale height of 
the Galactic magnetic field from RM data. If beam depolarization dominates, polarization 
shadows constrain depolarization mechanisms for diffuse polarized emission. 
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Table 1. Polarization Shadows 
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Notes: a. Distanee by associa tion with open eluster 
NGC 2362: lchanot fc SivanI (|l983l ): b. Position is the esti- 
mated ce nter of the ring ; dime n sions are the maior and mi- 



nor axes. 



Brandt et al.l fll97lh . IChanot fc SivanI fll983[ ): c. 



Wood et all J2005h : d. Size and location correspond with 



Scutum cloud described by lMadsen fc Reynolds! (120051 ): e. 
Associated with depolarized region in Figure [T]3; f. Com- 
parison with diffuse polarized emission in Figure [21 g- No 
clear association with nea rby H ll region s : h. D i stance by 
associ ation with a Cham; iMadsen et al.l (120061 ) . iMarkova 
(l2002h 
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Fig. 1. — [This Figure is provided as a separate image fl.gif] (a): Surface density of 
polarized sources in the NVSS with polarized intensity > 1 mJy, smoothed to a resolution of 
2 de grees. Gray s cales are linear from (black) to 9 sources deg~^ (white), (b): Ha intensity 
from iFinkbeineii (120031 ). Gray scales are logarithmic from 1 R (white) to 250 R (black). The 
white contour indicates Ha intensity of 25 R. The southern declination limit of the NVSS 
is indicated by the black arc. (c): Polarized intensity of the Galactic diffuse em ission at 1.4 
GHz from the DRAO low-resolution polarization survey (jWoUeben et al.ll2006l ). Gray scales 
are linear from (black) to 350 mK (white). 
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Fig. 2. — [This Figure is provided as a separate image f2.gif] (a): Distribution of 
NVSS sources with p > 1 mJy/beam around = (90°, —10°). The size of the symbols 
indicates the magnitude of p, and symbol sizes corresponding with 1, 3, 5, and 10 or more 
mJy/beam are shown in the inset, ( b) Correlation of E^^/ with structure in diffuse Galactic 
polarized emission in the survey by IWoUeben et al.l (120061 ). for the area shown in (a). The 
image shows Spo« with linear gray scale from (black) to 8 (white) sources deg~^, and 
contours at 2.7 and 4 sources deg~^ (Sex and 2a below the mean density of 6.6 sources 
deg~^). Polarization vectors of diffuse polarized emission are shown with size proportional 
to the diffuse polarized intensity, (c): Image of diffuse polarized intensity with the same 
polarization vectors. The region of high polarized intensity and regular polarization angle 
crosses between the two minima in Epoi in (b). 



This figure "fl.gif" is available in "gif" format from: 



http://arXiv.org/ps/0705.2741vl 
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